Introduction {#S0001}
============

Rapid advances in the biopharmaceutical industry have led to a growing demand for novel technologies to support the characterization of protein therapeutics, such as monoclonal antibodies (mAbs). Development of these characterization strategies are warranted given that the variants of a mAb therapeutic can affect its efficacy and safety.^[1](#CIT0001)^ In fact, numerous types of variants and their associated post-translational modifications are risk assessed and defined as critical quality attributes (CQAs).^[2](#CIT0002),[3](#CIT0003)^ While mAbs remain a prominent modality in their own right, they are also used as scaffolds for drug conjugation. These antibody-drug conjugates (ADCs) are finding applicability in the targeted treatment of cancer, but exhibit an even higher degree of complexity due to the heterogeneous results of linking cytotoxins onto an antibody.^[4](#CIT0004)^ With an increased focus on the development of complex protein-based molecules, the biopharmaceutical industry has an ever increasing demand for sensitive analytical techniques.

Reversed-phase liquid chromatography (RPLC) is a technique routinely used to characterize biopharmaceuticals, such as mAbs and ADCs. Unlike many other separation mechanisms, it yields high resolution using volatile, mass spectrometry (MS)-compatible mobile phases and can be implemented to gain information at different molecular levels, from intact protein to subunits to peptides.^[3](#CIT0003),[5](#CIT0005),[6](#CIT0006)^ This proves especially useful for ADC characterization, as it is imperative to monitor and report CQAs related to the cytotoxic payloads.^[4](#CIT0004),[7](#CIT0007)^ For instance, the drug-to-antibody ratio (DAR), or the average number of drugs conjugated to the antibody, must be known since it can affect the potency and toxicity of the ADC.^[4](#CIT0004),[7](#CIT0007),[8](#CIT0008)^ Other CQAs, such as drug load distribution and residual drug concentration, are also important.^[4](#CIT0004),[7](#CIT0007)^ The versatility of protein RPLC, especially when coupled to MS for accurate mass analysis, allows the characterization of these CQAs. However, as the biotherapeutic industry matures even further, protein RPLC must also improve to support the need for higher resolution, enhanced sensitivity and faster throughput characterization.

While increases in resolution and speed can be conferred by new column technologies, increases in MS sensitivity can often be more challenging to achieve. Typically, protein RPLC-MS separations are performed with acidic mobile phase modifiers. Being a strong ion-pairing agent capable of mitigating secondary interactions, trifluoroacetic acid (TFA) is favored for optimizing chromatographic resolution. However, formic acid (FA) is preferred over TFA for MS analyses because it tends to give less ion suppression and adduct formation. Because each acid modifier has both benefits and drawbacks, many researchers have tried to combine them at varying ratios in an attempt to balance separation quality and MS sensitivity.^[9](#CIT0009),[10](#CIT0010)^ Alternative acids or other mobile phase additives have also been investigated over the years. There have also been proposals to supplement TFA with additional reagents to increase signal quality, but these reagents are generally not LC-UV friendly.^[11](#CIT0011)^ Ultimately, the attempts to make use of unconventional reagents demonstrate the need for a more optimal ion-pairing agent for RPLC.

We have investigated the use of difluoroacetic acid (DFA) as an acid modifier for RPLC-MS-based characterization of protein therapeutics. Previous studies proposed the use of either monofluoroacetic acid or DFA for use in LC-MS.^[12](#CIT0012),[13](#CIT0013)^ Monohalogenated acids are extremely toxic^[14](#CIT0014)^ and should not be applied to everyday use. DFA, on the other hand, could be more broadly implemented. With properties intermediate to both those of TFA and FA, it is reasonable to assume that DFA can yield LC-MS separations with only some compromise to TFA resolving power and FA sensitivity. In addition, it is also only slightly more hazardous than TFA, with a toxicity level similar to that of hexafluoro-2-propanol (HFIP), which is often used in LC separations.^[14](#CIT0014)^

Despite its appeal, the use of DFA has not yet become routine in protein LC-MS. Current sources of DFA have been found to contain high sodium and potassium concentrations. These trace salt contaminants do not adversely affect separations, but they do disrupt the interpretability of mass spectra. Thus, for our study, we purified DFA before using it to develop an LC-MS technique with an unexpected balance of chromatographic resolution and MS sensitivity. Most interestingly, the results presented herein show that not only does DFA afford higher MS sensitivity than TFA, but that it can also provide better chromatographic resolution.

As described here, we used these gains in analytical capabilities to develop a new LC-MS method suitable for subunit-level characterization of mAb-based therapeutics, including a highly hydrophobic cysteine-linked ADC. Unlike previous methods, this DFA-based RPLC-MS method showed little to no on-column sample degradation, complete analyte recovery, noteworthy proteoform resolution and threefold higher MS sensitivity, which in sum made it possible to detect and monitor trace levels of product-related impurities with higher fidelity. Finally, we performed method qualification experiments, including applying this method to the characterization of additional ADCs, to demonstrate the robustness of this new method.

Results {#S0002}
=======

Purification of DFA {#S0002-S2001}
-------------------

In order to compare separations using DFA-modified mobile phases against those using FA- or TFA-modified mobile phases, we distilled reagent-grade DFA to a purity on par with LC-MS quality FA and TFA. [Figure 1(a](#F0001)) indicates that, by means of this distillation, the sodium and potassium content of the purified DFA afforded spectra with three to fourfold less intense adduct signals when used for the LC-MS separation of IdeS digested, reduced NIST mAb. To estimate the limit of detection for sodiated and potassiated adducts, a subsequent study was performed where known salt concentrations in the mobile phase were correlated to the percentage of adducts detected from the deconvoluted MS spectra of the light chain. From this study, a concentration of about 150 ppb was estimated as the limit of detection for sodium, while there was a nearly negligible impact when increasing the concentration of potassium. Since DFA consisted of 0.1% of the mobile phase in this experiment, this suggested that the sodium concentration of DFA can be quite high (ppm levels) before sodiated adducts become problematic.10.1080/19420862.2019.1658492-F0001Figure 1.(a) The influence of sodium and potassium content on mass spectral quality as depicted by an overlay of the deconvoluted mass spectra of the NIST mAb light chain subunit obtained using as-received DFA and distilled DFA and (b) ICP-MS quantitation for as-received (reagent-grade) versus distilled DFA. Separations were performed with a high coverage phenyl-bonded superficially porous silica 450 Å, 2.7 μm, 2.1 × 50 mm column using a flow rate of 0.2 mL/min, column temperature of 80°C, and 0.25 μg mass loads.

To quantitatively measure the levels of sodium and potassium, inductively coupled plasma mass spectrometry (ICP-MS) was performed. ICP-MS confirmed the levels of both sodium and potassium in distilled DFA to be below 50 ppb, but was unable to provide accurate quantitation for the starting, reagent-grade material because the results were out of the calibration range ([Figure 1(b](#F0001))). As certain protein species may be more prone to sodium adduct formation (due to differences in isoelectric points, acidic sites, hydrophobicity and molecular weight), we compared pre-distillation DFA and post-distillation DFA in a peptide mapping LC-MS analysis (Supplementary Figure S1). In this experiment, the level of sodiated adducts was found to be much higher (at 21% for light chain tryptic peptide number 37) in comparison to the subunit analysis using pre-distillation DFA. Use of distilled DFA drastically reduced the amount of sodiated adducts to less than 0.5%. More information on these experiments are provided in the Supplementary Materials.

Resolution and sensitivity comparison for acidic modifiers {#S0002-S2002}
----------------------------------------------------------

Next, we set out to investigate the utility of various mobile phase systems by exploring LC-UV-MS separations of reduced, IdeS-digested NIST mAb (Reference Material 8671) on 2.1 mm ID columns using 0.1% (v/v) modified water and acetonitrile mobile phases containing FA, DFA and TFA. Protein RPLC separations are dependent on numerous factors, including column temperature and flow rate; our tests were performed at a high temperature (80 °C) and a low flow rate (0.2 mL/min). The UV chromatograms resulting from these three separations are displayed in [Figure 2(a](#F0002)). The peak shapes of the three subunits in the sample (Fc/2, light chain and Fd′) were seen to be broad and tailing in the FA chromatogram. DFA and TFA chromatograms showed improved separation quality in terms of peak capacity, peak width at 50%, return to baseline and indications of being able to resolve the lysine variant of the Fc/2 subunit. Interestingly, when comparing these analyses, while both acidic modifiers produced high-resolution separations, DFA that gave the highest peak capacities, not the historically preferred TFA ion-pairing reagent.10.1080/19420862.2019.1658492-F0002Figure 2.(a) UV chromatograms of NIST mAb subunits obtained using 0.1% FA, DFA, or TFA-modified mobile phases, and (b) total ion current chromatograms (TICs) of NIST mAb subunits obtained using 0.1% FA, DFA, or TFA-modified mobile phases. Separations were performed with a high coverage phenyl-bonded superficially porous silica 450 Å, 2.7 μm, 2.1 × 50 mm column using a flow rate of 0.2 mL/min, column temperature of 80°C, and 0.25 μg mass loads.

Mass spectrometric analysis was also assessed as performed with electrospray ionization and high sensitivity quadrupole time-of-flight instrumentation. Total ion current chromatograms (TICs) from each separation are shown in [Figure 2(b](#F0002)) along with the observed signal intensities. FA-modified mobile phases provided the highest intensities, followed by mobile phases containing DFA. Because the charge state distribution from DFA was in fact the same as FA, the ionization efficiencies from DFA and FA for this subunit separation were very similar. Separations using TFA gave the lowest sensitivity of the three acids, with intensities that decreased about 5--6 fold when compared to FA and two to threefold versus DFA. This is consistent with TFA being the strongest ion-pairing reagent, and thus the reagent most likely to cause pronounced ion suppression.^[15](#CIT0015),[16](#CIT0016)^ FA, the weakest acid, produced the most intense MS signal. However, the usability of ESI-MS data is still reliant on the quality of the chromatographic separation. In this respect, DFA can be strongly considered as an ion-pairing alternative because it gives equivalent or better separation performance versus TFA with a two to threefold increase in MS sensitivity.

Characterization of an ADC {#S0002-S2003}
--------------------------

The advantages of a DFA-based LC-MS method can be seen in its application to the characterization of an ADC. RPLC is useful for ADC separations due to its ability to separate DAR species based on their hydrophobicity. To access this information for a middle-up/down analysis, limited digestion and reduction can be used to break the ADC down such that the extent of payload conjugation per subunit can be quickly analyzed via UV and MS.^[17](#CIT0017)^ For this work, IdeS was used for its quick kinetics and high fidelity in producing F(ab′)2 and Fc/2 fragments that can be further reduced to Fc/2, light chain and Fd′ subunits.^[3](#CIT0003),[5](#CIT0005)^

For this study, we chose to investigate methods for the analysis of an ADC that has previously proven difficult to characterize due to a highly hydrophobic Fd′ domain. This hydrophobicity is only exacerbated when it is modified to have up to three cysteine-linked auristatin payloads. With the application of IdeS digestion followed by reduction, a sample was obtained that contained this and other payload-bearing forms of Fc/2, light chain and Fd′ subunits ([Figure 3](#F0003)). Separations of this sample were performed using 0.1% FA-, 0.1% DFA- and 0.1% TFA-modified mobile phases. The UV chromatograms for these separations are shown in Supplementary Figure S2. Similar to the mAb subunit analyses, separations using DFA and TFA were much improved versus those obtained with FA. Both DFA- and TFA-modified mobile phases performed similarly in terms of resolution. Peak capacity values for 0.1% DFA and 0.1% TFA were determined to be 462 and 465, respectively. Using these highly detailed LC-MS data, 12 different subunit species could be quickly identified down to a relative abundance of 0.6%. The limits of quantitation were estimated to be between 0.1% and 0.2%. A comprehensive accounting of the identified peaks, their retention times, widths and deconvoluted masses are provided in Supplementary Table S1 based on the data from [Figure 3(c](#F0003)).10.1080/19420862.2019.1658492-F0003Figure 3.(a) Representation of the different possible drug load distributions of cysteine-conjugated ADCs.^[18](#CIT0018)^ Subunits from a cysteine-linked auristatin-conjugated antibody as separated with (b) a C4-bonded organosilica 300 Å fully porous stationary phase, 0.6 mL/min flow rate, 80°C temperature, 0.1% TFA-modified mobile phases, and 90:10 acetonitrile/IPA eluent versus (c) a method consisting of a phenyl bonded 2.7 µm superficially porous 450 Å stationary phase, 0.6 mL/min flow rate, 70°C temperature, and 0.15% DFA-modified mobile phases.

Along with peak capacity, the recovery of analytes from each separation was critically examined. In particular, the relative peak area of the 3-payload modified Fd′ subunit, Fd′(3), was examined where a difference was observed for the use of DFA versus both FA and TFA. The relative peak area for this subunit was found to be 5.2% with DFA, but only 4.3% and 4.9% with FA and TFA, respectively. This suggests that separations performed in DFA might provide useful gains in recovery over FA and TFA.

MS performance seen in the analysis of NIST mAb subunits translated to the detection of ADC subunits. As shown in Supplementary Figure S3, total ion chromatograms and raw mass spectra of the unmodified light chain show that MS sensitivity increases in going from TFA to DFA to FA. Deconvoluted mass spectra of the light chain subunit also show that each acid, i.e., distilled DFA and MS-grade FA and TFA, gave low intensities for sodium and potassium adducts (Supplementary Figure S4). All spectra appeared to be clear of other interference peaks, with a notable exception produced with TFA. With TFA-modified mobile phases, we observed a small +114 Da peak, which correlates to undesirable gas phase ion pairing. This phenomenon was not apparent with either FA or DFA, although it must be pointed out that the optimization of collisional activation plays a role in how much gas phase ion pair is observed. Water loss is also observed with all acids; however, this is a common phenomenon that is thought to be a consequence of heated desolvation.^[19](#CIT0019)^

We also examined levels of on-column degradation that occurred under various conditions. Elevated temperatures and stronger acidic conditions improve protein recovery but may induce backbone hydrolysis.^[9](#CIT0009),[20](#CIT0020),[21](#CIT0021)^ This on-column degradation is exacerbated when proteins adsorb too strongly onto the stationary phase. As can be seen in Supplementary Figure S2, on-column degradation of the ADC increases with increasing acid strength. The D/P cleavage of the Fc/2 is marginal in FA conditions and increases as the conditions change to DFA and TFA. In all, it was necessary to lower column temperature to afford more accurate, higher fidelity information. So long as DFA was increased to a concentration of 0.15%, a column temperature of 70°C could be used with no apparent decrease in protein recovery. With this change, on-column degradation was markedly reduced (by over 50%) versus the use of TFA mobile phase at an 80 °C temperature. Notably, an increase from 0.1% to 0.15% DFA did not result in any significant compromises to LC resolving power, MS sensitivity or spectra quality (Supplementary Figure S5). However, since protein recovery with 0.15% DFA and a column temperature of 70°C was marginally higher (by about 4%) versus using 0.1% DFA, the latter concentration was chosen going forward for any work on additional ADCs.

New method for ADC characterization {#S0002-S2004}
-----------------------------------

From the above results, we propose here a new method for mAb and ADC subunit analysis. Prior to the insights made herein, the subunit samples had been routinely characterized by separations with a sub-2 µm C4-bonded organosilica 300 Å fully porous stationary phase, a separation temperature of 80°C, 0.1% TFA mobile phases, and eluent composed of 90% acetonitrile and 10% isopropanol (IPA), the latter being needed to facilitate the recovery of hydrophobic proteins.^[21](#CIT0021),[22](#CIT0022)^ A result typical of this method is provided in [Figure 3(b](#F0003)).

Using this separation as a starting point, we explored stepwise changes to move toward newer techniques that simplified the method, accelerated turnaround, or improved sensitivity. By using a modern column technology, higher resolution and improved selectivity was gained along with a reduction in backpressure and ability to use faster chromatographic velocities.^[23](#CIT0023),[24](#CIT0024)^ With this change, it was also possible to exclude IPA from the mobile phase without significantly affecting peak capacity or protein recovery. Along with the adoption of DFA, it was also possible to reduce the separation temperature.

In turn, a new method was established, and its capabilities are exemplified by the chromatograms displayed in [Figure 3(c](#F0003)). It is notable that, while the sub 2 µm column required ultrahigh-pressure compatible instrumentation, the 2.7 µm-based approach could be transferred to other less specialized instrumentation because operational back pressures were lower. Furthermore, using the latter method, it was possible to optimize nearly all facets of the chromatographic separation and to facilitate more strenuous examples of deep-level characterization. Two examples of low abundance variants are discoverable within the shoulder peaks adjacent to the unmodified Fc/2 subunit. Mass spectra corresponding to these species are displayed in [Figure 4](#F0004). The DFA method produced higher signal-to-noise spectra, which could be used to more confidently confirm +16 Da (pre-peak) and +673 Da (post-peak) mass additions and the corresponding identifications of Fc domain oxidation and low-level C-terminal sequence extension.^[25](#CIT0025)^10.1080/19420862.2019.1658492-F0004Figure 4.MS peak intensities of oxidized and extended C-terminal Fc/2 subunits from a cysteine-linked auristatin conjugated as determined by the (a) method consisting of a C4-bonded organosilica 300 Å fully porous stationary phase, 0.6 mL/min flow rate, 80°C temperature, 0.1% TFA-modified mobile phases, and 90:10 acetonitrile/IPA eluent versus (b) the new method consisting of a phenyl bonded 2.7 µm superficially porous 450 Å stationary phase, 0.6 mL/min flow rate, 70°C temperature, and 0.15% DFA-modified mobile phases.

In another respect, this DFA-based method has also facilitated quick assessments of DAR, which must be monitored to ensure the potency of the molecule. While DAR values are frequently assessed by hydrophobic interaction chromatography (HIC) or intact mass analysis,^[4](#CIT0004)^ subunit-level RPLC analysis can also be used and is helpful for corroborating other assay results.^[26](#CIT0026),[27](#CIT0027)^ The assessment depends on the use of individual peak areas, a calculation of subunit-specific DAR values, and an extrapolation of DARs to one intact molecule DAR value (see [Equations 2](#M0002)--[4](#M0004)). Supplementary Table S2 lists representative peak areas observed from the DFA method for the unconjugated and conjugated subunits of the cysteine-linked auristatin ADC, which in turn can be used to infer an average DAR value of 4.2. This particular value is in close agreement to DAR values that have been estimated for this molecule using HIC and intact mass analysis.

Method qualification {#S0002-S2005}
--------------------

To demonstrate the robustness of this technique, method qualification experiments were performed. According to standard practices for robustness testing, we assessed different batches of chromatographic media, column, and sources of DFA. Lifetime studies were also performed to 1000 injections, and method parameters were varied by ±5%. [Table 1](#T0001) shows the % relative standard deviation (RSD) changes in resolution, protein recovery, retention time and average DAR. RSD values of less than 5% were recorded with each parameter test. This is in line with the general allowance for biopharmaceuticals.^[28](#CIT0028)-[30](#CIT0030)^10.1080/19420862.2019.1658492-T0001Table 1.Variation in method output (RSD, %) as a function of robustness testing for a technique comprised of evaluating changes in stationary phase batches, DFA batches, LC systems, columns, temperature, mass load, flow rate, DFA concentration, and lifetime for the separation observed in [Figure 3(c](#F0003)).Variation in Method Output (RSD, %) Peak CapacityPercent Peak Area of Light Chain(0)Percent Peak Area of Fd′(3)Retention Time of Light Chain(0)Retention Time of Fd′(3)DARStationary Phase Batches (3)3.71.43.11.91.80.2DFA Batches (3)0.60.82.60.70.40.4LC Systems (3 Systems, 9 Columns)1.73.14.30.50.40.5Temperature (±5%)3.711.41.10.31.1Mass Load (±5%)0.90.41.90.20.20.2Flow Rate (±5%)0.70.20.81.10.80.1Percent DFA (±5%)4.72.74.62.00.90.9Lifetime Study (1)1.61.84.00.50.30.0Lifetime Study (2)0.30.21.20.70.80.4

We also qualified this method for reversed-phase subunit separations using additional cysteine-conjugated ADCs. As shown in [Figure 5(b](#F0005)), the new method gives high-resolution separations of a commercially available cysteine linked, dansyl-cadaverine-SMCC conjugated ADC mimic, and the DAR can be calculated from the peak areas observed. In another instance, we performed this method on a second discontinued cysteine-linked ADC, proprietary to Pfizer and extremely hydrophobic, even more so than the first. For this ADC, the separation performed best when the gradient conditions were run at a higher column temperature ([Figure 5(c](#F0005))). This suggests that for some unique samples, certain method parameters may need to be adjusted to provide an optimal separation. The proposed new method can therefore provide a suitable starting point for further method development.10.1080/19420862.2019.1658492-F0005Figure 5.Qualification of the proposed method using 0.15% DFA-modified mobile phases with different cysteine-linked ADCs. (a) Subunits from a cysteine-linked auristatin conjugated antibody previously used in the proposed method. (b) Subunits from a commercially available cysteine linked, dansyl-cadaverine-SMCC conjugated ADC mimic. (c) Subunits from a second cysteine-linked ADC, separated using higher temperature. Separations were performed with a 2.1 × 150 mm column packed with a high coverage phenyl bonded 2.7 µm superficially porous 450 Å stationary phase using a flow rate of 0.6 mL/min, column temperature of 70°C or 80°C, and 1 μg mass loads.

The method was also applied to the analysis of the lysine-conjugated ADC trastuzumab emtansine (Kadcyla®). Due to the extreme heterogeneity of lysine-conjugated ADCs, characterization is difficult,^[31](#CIT0031),[32](#CIT0032)^ especially at the subunit level. With this method, the heterogeneity of the molecule can indeed be readily observed (Supplementary Figure S6). While highly complicated, these LC-MS data might be a useful route to efficient comparative analyses.

Discussion {#S0003}
==========

The increasing complexity of biopharmaceutical modalities requires improvements in analytical methodologies. RPLC is a powerful technique for the separation of proteins at all molecular levels, and it becomes substantially more powerful when coupled to MS. However, depending on the use of conventional acid modifiers, such as TFA and FA, protein RPLC often exhibits excellent chromatographic resolution but compromised MS sensitivity or, vice versa, i.e., excellent MS sensitivity but compromised separation quality.

Our work, as described here, portends a new approach to LC-MS analyses based on the use of highly purified DFA. This alternative ion-pairing modifier has now shown that it can achieve an optimization between chromatography and mass spectrometry that is unattainable when using TFA and FA. By distilling reagent-quality DFA, we could drastically reduce the sodium and potassium content to trace level quantities typical of LC-MS solvents. Higher resolution separations of NIST mAb subunits were achieved when using DFA over TFA, and DFA also provided 2--3 fold as much MS sensitivity with similar percentages of sodium and potassium adducts. A possible explanation for the increase in peak capacity could be optimization of chromatographic adsorption, where there is a benefit to a less sterically bulky ion pair or an advantage to having a slightly less hydrophobic ion pair. The former could be due to more complete ion-pairing coverage across the subunits and the latter could be an effect caused by a specific tuning of stationary phase retentivity.

By using DFA, we were also able to discover step changes in improving protein LC-MS capabilities, where a DFA-based method greatly improved subunit-level profiling of hydrophobic ADCs. We believed that this method has produced one of the first published examples of an RPLC chromatogram of subunit-digested trastuzumab emtansine. Moreover, in addition to providing benefits to chromatographic resolution and MS sensitivity, this robust method was found to greatly increase protein recovery without the need to use alcohol co-solvents for elution or excessively high column temperatures. We theorize this to be an effect resulting from DFA being sufficiently acidic so as to minimize ionic secondary interactions (unlike FA), but not as hydrophobic as TFA to force excessively strong adsorption.

We have also seen a benefit in applying this purified DFA to other applications, such as intact mass analysis and peptide mapping. Many of the benefits seen herein carry over to these other applications, where replacement of TFA with DFA yielded MS sensitivity gains with no to little loss in chromatographic resolution. No matter the nature of the application, it is, however, important to use purified DFA and mobile phase modifiers with low metal concentrations to avoid complications from the formation of gas-phase ion adducts.

In summary, we purified DFA so that it contained only trace levels of sodium and potassium and demonstrated its application for ADC subunit profiling. Our method shows robustness and has been successfully applied to characterize multiple ADCs. Additional studies are underway to evaluate the advantages of DFA for other biopharmaceutical applications, such as glycans, and for small molecule applications. Ultimately, we hope our demonstration that highly attractive protein MS data can be obtained via the use of stringently purified DFA will encourage broader use of this acid, and our method will be implemented in additional types of LC-MS work.

Materials and methods {#S0004}
=====================

Purification and qualification of LC-MS DFA {#S0004-S2001}
-------------------------------------------

DFA was acquired from Oakwood Chemical and distilled with a DST-1000 acid purification system (Savillex). Reagent purity was confirmed through evaluations of deconvoluted light chain MS spectra resulting from separations of reduced, IdeS-digested NIST mAb (mAb Subunit Standard; Waters Corporation). Sodium and potassium were quantified via ICP-MS (Element 2 SF-ICP-MS, Thermo Fisher, Waltham, MA) using a 12-point linear calibration curve ranging from 0.05 to 100 parts per billion (ppb). Further data can be found in the Supplementary Materials.

IdeS digestion and reduction of cysteine-linked ADC {#S0004-S2002}
---------------------------------------------------

Reduced, IdeS (Immunoglobulin Degrading Enzyme) digested NIST mAb (Reference Material 8671) were obtained in the form of a ready-to-use standard (mAb Subunit Standard, Waters Corporation). Other reduced, IdeS-digested samples consisted of two discontinued cysteine-linked ADCs with auristatin payloads provided by Pfizer, Inc. A cysteine linked, dansyl-cadaverine-SMCC conjugated mAb (SigmaMAb Antibody Drug Conjugate Mimic, Millipore Sigma) and trastuzumab emtansine (Kadcyla®, Besse Medical) were reduced and digested via standard IdeS digestion and reduction protocols.

LC-UV-MS of NIST mAb and ADC subunits {#S0004-S2003}
-------------------------------------

Reduced, IdeS-digested NIST mAb and ADC subunits were analyzed by LC-UV-MS with an ACQUITY UPLC H-Class Bio chromatograph, an ACQUITY UPLC TUV detector, and a Xevo G2-XS QTOF mass spectrometer (Waters Corporation). mAb subunit separations were performed on a 2.7 µm, 2.1 × 50 mm high coverage phenyl-bonded superficially porous silica stationary phase (BioResolve RP mAb Polyphenyl column, Waters Corporation) using 0.1% or 0.15% FA, DFA, or TFA in LC-MS grade water (mobile phase A) and the same percent modifier in LC-MS grade acetonitrile (mobile phase B). NIST mAb samples were injected at a mass load of 0.25 µg and run at a temperature of 80°C, flow rate of 0.2 mL/min, and gradient from 15% to 55% B in 20 min. ADC subunit separations were performed on a 2.7 µm, 2.1 × 150 mm high coverage phenyl-bonded superficially porous silica stationary phase or a 1.7 µm, 2.1 × 150 mm C4-bonded fully porous organosilica stationary phase (ACQUITY UPLC BEH C4 column, Waters Corporation) using 0.1% or 0.15% FA, DFA, or TFA in LC-MS grade water (mobile phase A). For this column, the same percent modifier in LC-MS grade acetonitrile was used for mobile phase B, and for the C4-bonded fully porous organosilica column, 0.1% TFA in 90:10 LC-MS grade acetonitrile:IPA for mobile phase B was employed. ADC samples were injected at a mass load of 1 µg and run at a temperature of 80°C or 70°C, flow rate of 0.6 mL/min and gradient from 15% to 55% B in 20 min.

Analyses were performed with UV detection at 280 nm using MassLynx 4.1 and UNIFI 1.8 for data analysis. MS detection settings were optimized with: a capillary voltage of 3.0 kV, sampling cone and source offset at 80, a source temperature of 100°C, a desolvation temperature of 450°C, a cone gas flow at 0 L/h, desolvation gas flow set at 100 L/h, and collision energy set at 10 eV. Mass spectra were processed via MaxEnt1 deconvolution with a resolution of 20000 over a range of 850 − 1450 m/z at a rate of 10 Hz. Duplicate injections were analyzed.

Method qualification and robustness {#S0004-S2004}
-----------------------------------

Method qualification and robustness testing were performed at Waters Corporation in Milford, MA, and Pfizer, Inc. in St. Louis, MO. LC-UV characterization of the ADC was performed on three different chromatographic systems consisting of an ACQUITY UPLC H-Class Bio or H-Class chromatograph and an ACQUITY UPLC TUV detector or ACQUITY UPLC PDA detector. Each system was tested with three 2.1 × 150 mm high coverage phenyl-bonded superficially porous silica columns from the same batch of chromatographic material. Three different batches of chromatographic material and three separate sources of DFA were also evaluated. The method was qualified using two additional cysteine-conjugated ADCs (a commercially available mimic acquired from Sigma Aldrich and a discontinued proprietary ADC from Pfizer, Inc.) alongside the lysine-conjugated trastuzumab emtansine (Kadcyla®).

Robustness of the method conditions was investigated by varying the separation temperature, mass load, flow rate and concentration of DFA by ± 5% based on the proposed LC-UV-MS method for the separation of ADC subunits consisting of the following: the use of a 2.7 µm, 2.1 × 150 mm high coverage phenyl-bonded superficially porous silica column run with 0.15% DFA in LC-MS grade water (mobile phase A) and in LC-MS grade acetonitrile (mobile phase B) at a temperature of 70°C, flow rate of 0.6 mL/min, mass load of 1 µg, and gradient from 15% to 55% B. A column lifetime study was performed by running 1000 injections of the above method on two separate columns.

Equations {#S0004-S2005}
---------

Gradient peak capacities (*P~c~*) for the NIST mAb subunit and ADC subunit separations were calculated from [Equation 1](#M0001): $$\varphi = .372,$$

where *Δt* is the gradient time and *W~50%,\ avg~* is the average peak width at half height for all subunits.

The average DAR was calculated by using [Equations 2](#M0002) and [3](#M0003) for both light chain and Fd′ conjugated subunits, with *A* representing the peak area of the subunit of interest and *n* representing the number of payloads: $$\varphi = .372$$$$\varphi = .310$$

In this equation, each payload modified subunit, for example, *nA(Light Chain)~n~*, is assessed in relation to the total area of the subunit as a whole -- in this case, *Ʃ A(Light Chain)*. The sum of these values results in the average DAR based on the light chain subunit or the Fd′ subunit. These DAR values can then be combined for an approximation of the total average DAR. Note that the Fc/2 subunits need not be included, as they do not contain payload modifications for the cysteine-linked ADC. Thus, by combining the above results, [Equation 4](#M0004) was used to estimate the total average DAR of the intact ADC. For this equation, the sum of *DAR (Light Chain)* and *DAR (Fd′)* was doubled as digestion and reduction results in two sets of light chain and Fd′ per IgG/ADC molecule: $$\varphi = .229$$

Abbreviations {#S0005}
=============

10.1080/19420862.2019.1658492-UT0001ADCAntibody-drug conjugateCQACritical quality attributeDARDrug-to-antibody ratioDFADifluoroacetic acidFAFormic AcidICP-MSInductively coupled plasma mass spectrometryLCLiquid chromatographyLC-MSLiquid chromatography-mass spectrometrymAbMonoclonal antibodyMSMass spectrometryppbParts per billionppmParts per millionRPLCReversed-phase liquid chromatographyTICTotal ion currentTFATrifluoroacetic acidUVUltraviolet
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